The techniques of chemical investigation by X-ray fluorescence (XRF) are widespread since the 50s of the last century. Depending on the accuracy of the desired data and on the artifact characteristics, they can be used as partially destructive or as absolutely non-destructive and non-invasive techniques. The archeomaterials that can be analyzed are the most disparate: minerals, rocks, metals, building materials, pigments, and so on; practically almost everything that is solid, liquid or gelatinous can be analyzed by XRF. The theoretical physical principles and the main components of X-ray spectrometers, in energy dispersion (ED) and wavelength dispersion (WD), are described, also comparing the advantages and disadvantages of each analytical technique. In the last decades, the diffusion of the ED silicon drift detectors, together with the development of very accurate and high specialized software for quantitative analysis, has given a new impulse to the diffusion of the portable spectrometers offering new possibilities for in situ and very rapid archeomaterial characterizations. Case studies related to different artworks, like ceramics, necklaces, coins, obsidians and other lithic artifacts will also be presented: they show the important contribution that X-ray spectrometer technique gives to solve problems related to the characterization, restoration and to the source identification of the raw materials.
Introduction
X-ray fluorescence (XRF) is a spectrochemical technique which allows the determination of the elemental composition as well as the quantitative analysis of a wide range of inorganic materials. Results can be expressed as atom percent or weight percent. Often, by custom, especially in the analysis of minerals and rocks, the data are expressed as oxides, stoichiometrically binding the oxygen to the dosed cation. XRF spectrometric analysis can be carried out in wavelength dispersion (WD) or in energy dispersion (ED). In the case of WD analyses (WD-XRF), the technique is normally considered destructive (but rare exceptions), because the sample normally has to be ground and subsequently treated with organic binders or with other components in order to obtain a powdered pellet to submit to analysis. The indisputable advantage remains, compared to the cases of the analyses that require the solubilization of the sample, that the prepared specimen, can be reanalyzed, either with another XRF spectrometer or with other analytical instrumentation, even after many years, provided that it has been well preserved. The amount of sample required for chemical analysis by WD-XRF varies, depending on the kind (qualitative/quantitative) of the searched information and depending on the method and the instrumentation used, from a few tens of milligrams (about 40 mg [1] ) up to about 12 g. In some cases, as in provenance determination of obsidians studies, it is possible to use the WD-XRF method also in an absolutely non-destructive way [1] .
In the case of ED analyses (ED-XRF), the specimen is normally analyzed as it is and therefore the technique is considered non-destructive. As a matter of fact, the ED counters can provide quantitative or semi-quantitative results even on samples with irregular surface because they suffer much less than the WD techniques from the sample geometry. A wide variety of materials from rocks, to minerals, industrial products, building materials, metals, pigments, etc., can be analyzed by XRF; practically almost everything that is a solid substance and in many cases also liquid or gelatinous substances.
Sampling and sample preparation will depend on the used analytical method non-invasive analysis (no sampling) is also possible by XRF and this opens up a very wide range of applications, especially in the field of Cultural Heritage, where the characterization of precious objects cannot justify their partial destruction (sampling) which would greatly reduce their value.
Moreover, in recent years, the development of portable XRF spectrometers [2] [3] [4] [5] [6] [7] [8] [9] [10] , is more and more often allowing to analyze objects in their natural sites (restoration sites, museums, archeological excavations) as well as artifacts which cannot be moved for legal reasons or difficult to transport due to their dimensions. It is worthy to note that the analyses carried out with portable equipments should be validated on suitably chosen objects, comparing the analytical results with those obtained through instruments of qualified (certified) laboratories [11, 12] .
Physical principles and theory
The XRF spectrochemical analysis technique uses, in the most common cases, a sample irradiation process by primary X-rays in order to subsequently analyze the secondary X-ray spectrum emitted by the sample itself.
X-rays are electromagnetic radiation with wavelength (λ) between 0.01 and 10 nm. Their energy (E) can be expressed in electron volts (eV) and is directly proportional to the frequency of vibration and inversely proportional to the wavelength, except for some constants:
= ℎ ⋅ / ⋅ where h is the Plank constant, c and λ are respectively the speed of light in the vacuum and the frequency and wavelength of the X-rays, and e is the charge of the electron.
Generation of X-rays
In XRF spectrometers, X-rays are generated in a tube, under high vacuum conditions, called X-ray tube.
The operation of an X-ray tube can be schematized as follows:
1. A tungsten filament ( Figure 1 ) is heated by the passage of direct current and therefore produces around it a dense cloud of electrons due to thermionic effect.
2. Part of these electrons are accelerated along a focusing path by means of a high potential difference (high voltage of the X-ray tube, expressed in kilovolt: kV) established between the filament and a metal target operating as an anode. The part of electrons not involved in the acceleration and focusing process is captured by a trap placed around the filament itself.
3. The electrons hit the anode and their kinetic energy is transformed into thermal energy, which is dissipated by a cooling system (generally water circulation), and partly in X radiations that escape from the tube through a window constituted from a thin sheet of material as much as possible transparent to X-rays. The thickness of the window must also take into account the heating effect of the material subjected to intense interaction with X-rays and of the backscattered electrons, which in large quantities are generated on the anode. The window can be positioned at the end of the tube (end-window X-ray tube) or sideways (side-window X-ray tube). 
X-ray spectrum
The X-ray spectrum of an X-ray tube (primary source) or the one returned by an irradiated sample (secondary fluorescence X-rays) consists of a continuous radiation (bremsstrahlung) and characteristic radiations (Rayleigh lines).
The emission of a continuous radiation, or braking radiation, is a consequence of the deceleration of the incident electrons with those belonging to the atoms of which the X-ray tube anode is constituted.
The distribution of the intensity of the continuous radiation is a function of the energy possessed by the incident electrons and by the way this energy is transferred, for example, through a single interaction or through several successive interactions. In particular, if all the kinetic energy possessed by an electron is transferred in a single interaction, the corresponding emitted radiation has, within the continuous background, the maximum value of energy and the minimum value of wavelength. For increasing wavelength values, the intensity of the continuous background rapidly increases to a maximum value and subsequently decreases, with a hyperbolic trend (Figure 2 ). The continuous radiation emitted by an X-ray tube contributes to the excitation of X fluorescence in the irradiated atoms.
The distribution of the intensity of the continuous background, in relation to the different wavelengths, depends on the current I of the filament (expressed in milliamps), the applied voltage V (expressed in kilovolt) and the atomic number Z of the element constituting the anode (Figure 2) .
The characteristic radiations are generated as a consequence of the energy re-arrangement process of the atom, when its excitation has led to the expulsion of one or more electrons from its internal shells. The wavelength of the characteristic radiations is independent of the cause that generated the hole in the electronic orbits, while it is strictly dependent: (1) on the type of electronic transition that leads to the energetic resettlement of the atom; (2) on the atom of the chemical element subjected to excitation.
The energy of the different radiations emitted is equal to the energy difference of the atom before and after the electronic transition. For a given chemical element, with reference to the lines of the K series, the energy difference for a re-arrangement from M to K is greater than the energy difference for a re-arrangement from L to K; consequently the energy of the radiation Kβ is greater than the energy of the radiation Kα, i. e. the wavelength of the radiation Kβ is lower than that of the radiation Kα.
In general terms, the wavelength of the radiation of a given chemical element progressively increases from Kβ 1 to Kα 1 to Lγ 1 to Lβ 1 to Lα 1 to Mγ 1 to Mβ 1 to Mα 1 , and so on ( Figure 3 ).
Figure 3:
In the left part of the figure, simplified energy levels (orbitals or shells) of an atom between which the electrons move generating the characteristic X-ray lines. In the upper right part of the figure a schematic representation of the continuous background and the main characteristic radiations (lines) of a heavy element in function of λ. In the lower right part of the figure a schematic example of Kα/Kβ ratios variation for elements with different atomic number.
Concerning the distribution of the intensities of the different characteristic lines, it should be noted that it depends on the probability with which each electronic transition can occur and, therefore, the emission of the corresponding line. In particular, within the spectral K range, the transition from M to K is much less probable than the transition from L to K and hence the Kβ line is less intense than the Kα line. The I Kα /I Kβ ratio increases as the atomic number decreases; approximately its value is 3 for Sn, 5 for Cu and 25 for Al ( Figure 3) : it follows that a conspicuous alteration of these intensity ratios is generally indicative of interferences between spectral lines of different chemical elements.
In quantitative XRF analytic procedures, the intensity of the characteristic lines emitted by the different chemical components is usually measured. The intensity of these characteristic lines depends, in addition to the reasons already described, and on the possible concentration of the chemical components, on the excitation efficiency of the incident radiation.
In particular, the characteristic lines of a given spectral series, for a given chemical element, are excited more effectively the higher is the intensity possessed by the incident primary radiation for wavelengths close to those re-emitted by the excited element, better if close to its absorption edges (Figure 4 ). The excitation of XRF radiation is caused both by the characteristic lines and by the continuous background of the X-ray tube anode with which the samples are irradiated. Thus, the choice of the anode of the X-ray tube, that is, in practice the spectrum of the incident radiation, is of particular importance for the most effective excitation of the elements under examination.
For example, with respect to the element W, the L lines constitute 25 % of the intensity of the whole spectrum whereas, relative to the element Cr, the K lines represent 75 % of the intensity of the whole spectrum.
To simplify, it can be said that X-ray tubes with anode of heavy elements favor the excitation of XRF of heavy elements while X-ray tubes with anode of light elements favor the excitation of XRF of light elements.
X-ray absorption
The law on X-ray absorption is expressed by the Lambert equation:
where I 0 is the intensity of a monochromatic radiation incident on a sheet of material with linear absorption coefficient μ and thickness t, while I is the intensity of transmitted radiation.
In terms of mass absorption coefficient µ/ρ, where ρ is the density of the material expressed in g/cm 3 , the Lambert equation becomes:
where ρt (g/cm 2 ) is the concentration of matter per unit area. The value of mass absorption coefficient µ/ρ is defined by the Bragg-Pierce law:
where λ is the wavelength expressed in centimeters, Z is the atomic number of the chemical element and K is a proportionality factor that varies according to the electronic orbits involved in the incident radiation.
In particular, considering the relationship between µ/ρ and λ, it is observed that for the same element (Z = constant) the mass absorption coefficient differs according to the discontinuity considered (K, L, M etc.), in particular it increases from the discontinuity K to those due to the most external shells (Figure 4) . At the same energy considered (λ = constant) the mass absorption coefficient is higher for elements with a higher atomic number.
Since the mass absorption coefficient depends on Z, a matrix of heavy elements absorbs the X radiations (both the incident and the fluorescence emitted by the sample) much more than a matrix formed by light elements. Evidently, a greater absorption determines a lower intensity of the emitted fluorescence radiation and therefore the ratio between intensity of the characteristic radiation and concentration of the element to be determined is disturbed. For example, if a same quantity of Rb is present in a matrix of Fe 2 O 3 , or in a matrix of Al 2 O 3 , the intensity of the RbKα line is somewhat lower in the former than in the latter.
Furthermore, there are interference effects between elements, caused by the mutual position of the characteristic lines and the absorption edges. For example, if we suppose that in a sample there are two chemical elements A and B in such concentration that the ratio of the intensities of the Kα lines is R (i. e. I AKα /I BKα = R), the presence of a third chemical element C can disturb sensibly this ratio of intensity if its absorption edge is placed at an intermediate wavelength between that of the two Kα lines that are being analyzed. The selective absorption of the element C will determine a ratio I' AKα /I' BKα = R'≠ R. It is reported, as an example, the case of nickel, which is used as monochromator for the Kα radiation of the copper because its K absorption edge (1.49 Å) is in an intermediate position between the CuKα radiation (1.54 Å) and the CuKβ radiation (1.39 Å).
A more detailed discussion on the X-ray absorption can be found in specialistic books [13, 14] ; a complete collection of all the elements X-ray emission lines, their absorption edges and the energies of the different atomic shells can be found in papers published by specialized journals [15] [16] [17] .
Detection and measurement of X-rays
The X-ray detection consists in converting the electromagnetic radiation into a signal that can be measured and integrated in a finite time interval. There are numerous systems to achieve this purpose and each of them is based on the capacity of X-rays to interact with solid or gaseous matter.
One of the oldest system was based on the photographic method, that of radiographs, in which the photochemical action of X-rays determines the transformation of a silver salt into metallic silver. The total intensity of X-rays, determined by the quantity of metallic Ag produced, can be measured by the degree of blackening of the film.
The future is surely represented by a new generation of low-cost X-ray detectors that are highly efficient (up to 400 times the actual ones) and are based on perovskite wafers [18] .
Today, for elemental chemical analyses, two types of detectors are basically used: energy dispersive (ED) or wavelength dispersive (WD).
Energy dispersive X-ray detection
The X radiation can be detected in energy dispersion with solid state counters ( Figure 5 ). These counters are made up of a semiconductor: it is generally a silicon crystal, appropriately doped with various elements such as P, Al, B or Li, but other crystals, such as germanium or diamond, can also be used. Doping consists in the substitution of a certain number of atoms in the crystal lattice with atoms of the neighboring groups in the periodic table: with one more valence electron (n-doping) or one less (p-doping) than the starting material. When a X photon strikes one of these semiconductors it generates inside the material an "electron-hole" pair (eh); for the silicon it is necessary an energy of 3.8 eV to generate an e-h couple while for germanium an energy of 2.9 eV is needed. The electrons move toward the positive pole leaving behind the holes: i. e. apparently, electrons move toward the positive pole and holes toward the negative pole. Schematic representation of an energy dispersive detector (ED) that can be mounted with any geometry with respect to incident X-ray beam (normally the incidence angle is of about 40 °); for low-angle incident X-rays (about 0.1 °) the signal collection can be performed just above the sample as in the case of Total reflection X-Ray Fluorescence (TXRF) spectrometers. On the right, the enlarged detail of an ED Silicon Drift detector (FET = field-effect transistor; GND = ground).
Therefore, if an X photon with energy equal to 8,048 eV, corresponding to the CuKα 1 radiation, hits a silicon semiconductor, it will generate 8,048 eV/3.8 eV = 2,118 e-h pairs. The possibility of counting e-h pairs will allow to know the energy, and therefore the wavelength, of the incident radiation.
In the last 30 years, ED Si(Li), germanium, Pentafet (i. e. with 5 silicon-lithium crystals coupled together), Silicon Drift detector (SDD) and finally the recent SDD Droplets (SDD 3 ) counters have been developed. Technological efforts aimed to increase the number of counts detectable, at the same time maintaining the detector resolution around 115-125 eV. In SDD or SDD 3 silicon counters (the latter is constituted by four or more SSD meters mounted together, with asymmetric collection of electrons) the back of the signal collection system consists of concentric circles with different potentials: the electrons are collected on a very small area from a large collecting front surface, and this allows to maintain a good resolution, about 125 eV, of the detector ( Figure 5 ).
The big advantage of the ED counters is to analyze in real time the whole X-ray spectrum emitted by the sample. The drawbacks are essentially linked to three causes: (1) the detector must be refrigerated, with liquid nitrogen, as in the old Si (Li) or Ge meters, or with a Peltier system, as in the new SDD, to prevent damaging in the crystal semiconductor structure; (2) the resolution in energy (115-150 eV) often does not allow to efficiently separate some X-ray spectral lines; (3) it is not possible to irradiate the sample with particularly high power because, on increasing the number of detected X-ray photons, it also increases the detector dead time, which results in few counts coming out of the amplification chain: having less counts leads to a greater error in the measure.
The multi-channel character of the energy dispersion meters makes them particularly useful for qualitative analyses; moreover, the extremely simple construction geometry and the higher sensitivity with respect to WD counters make them irreplaceable in the assembly of portable spectrometers in which they are coupled to transportable X-ray sources, thus with low irradiation capacities, such as radionuclides or X-ray microtubes. The ED counters diffusion has increased considerably since their refrigeration was implemented through Peltier systems; the evolution of polymeric windows particularly transparent to X-rays has also allowed their use for the detection of light elements.
ED detectors find unique application in XRF spectrometry operated in Total Reflection Geometry (Total Reflection X-Ray Fluorescence, TXRF): in these spectrometers the incident X-ray beam angle is close to the critical reflection angle (about 0.1 °); under these conditions the X radiation to be read is that produced on the sample surface by the incident beam which does not penetrate the sample substrate ( Figure 5 ). The advantage of this method is that it allows a sample surface analysis, it is not affected by matrix effects and therefore quantitative data can be obtained using only an internal standard. TXRF is particularly useful for the analysis of liquids as well as of solids treated as thin films, such as the pigments layers.
Wavelength dispersive X-ray detection
Wavelength dispersive spectrometers (WD-XRF) require that the fluorescence spectrum is spread into discrete wavelengths using a dispersion device before the detection step; the dispersion device is a crystal, organic or inorganic, which takes the name of diffracting crystal or diffractor.
The process of dispersion of X-ray radiation, which is in fact a diffraction, is regulated by the law of Bragg:
where d is the lattice parameter of the crystal, θ is the value of the incidence and diffraction (reflection according to Bragg) angle, n is the order of the reflection and λ is the wavelength of the incident and the reflected radiation. Ultimately, the objective of the XRF analysis is to determine, given the d value of a diffracting crystal, the value of λ, characteristic for the various chemical elements, by measuring the θ value of the spread wavelengths.
The wavelength dispersive spectrometers are basically of two types: (i) flat and (ii) curved diffracting crystal spectrometers.
In the flat diffracting crystal spectrometers, the only expected movements are a rotation of a θ angle of the diffracting crystal and consequently a rotation of a 2θ angle of the detection system. There are no translations of both diffracting crystal and detector and therefore the construction geometry of these spectrometers is quite simple. During their rotation the sample, the diffracting crystal and the detector are not on the same focusing circle and then the equipment works in parafocalization geometry: the X-ray beam is focused on the diffracting crystal and on the detector, respectively, by a primary and a secondary collimator ( Figure 6 ).
Figure 6:
On the left part of the figure the scheme of a WD spectrometer with plane diffracting crystal that work in parafocalization geometry. On the right part of the figure the scheme of a curved diffracting crystal spectrometer: the simultaneous angular movement of diffracting crystal and detector, also associated with a translation of both objects, allows the spectrometer to work in perfect focusing. In the lower right part of the figure are reported the usual diffracting crystal used during the WD analysis of chemical elements.
The X-rays produced on the sample are sensitively absorbed by the collimators but the benefits of a simpler geometry make these spectrometers of particular interest for the analysis of samples having centimetric dimensions.
The curved analyser crystal spectrometers, which work in perfect focusing geometry, have a more complex geometry in that both the diffracting crystal and the detector are rotated and translated into space, as well as being rotated by θ and 2θ, so that they are always on the same focusing circle. These spectrometers are normally used in microanalytical equipments, like Electron Probe MicroAnalysis (EPMA) or scanning electron microscopes (SEM), where it is very essential to have no significant signal loss of the X-ray intensity along the sample-detector path ( Figure 6 ).
Both the flat diffracting crystal and the curved diffracting crystal spectrometers can mount one or more X-ray detectors. Among the widely used detectors there are those that use the ionization process of a gas contained inside the detector itself; this counter consists of a chamber whose inner walls are held to a negative potential with respect to a central filament. The X-rays enter the counter through a window closed by a thin sheet of a material particularly transparent to the X-ray radiation, usually a polymeric sheet of Mylar ©, and cause the ionization of the gas atoms contained in it. The electrons and the positive ions produced in this way, moving under the influence of the electric field, are respectively directed toward the central filament (positive pole) and toward the walls (negative pole). The gain in the amplification of the X signal, consequent to the secondary ionizations, can reach values of 10 6 maintaining the proportionality between the amplitude of the output pulses and energy of the incident radiation.
One of the most used gas counter in the WD-XRF spectrometers is the flow gas detector: the gas consists of a mixture of argon (Ar = 90 %) and methane (CH 4 = 10 %) and flows continuously and with constant pressure inside of the chamber, coming from a tank (Figure 7 ). Another widely used detector in XRF equipments is the scintillator (Figure 7 ) in which the X-rays interact with a solid-state counter consisting of sodium iodide activated with about 1 % of thallium. These type of crystals, hit by X-rays, emit a number of photons proportional to the energy of the X-ray absorbed. The phosphor rear face is welded to a photomultiplier tube consisting of a photocathode and a series of dynodes, with increasing positive potential. The photocathode, once hit by photons, emits a number of electrons proportional to the energy of the photons themselves; the electrons thus produced are attracted and multiplied by the series of dynodes, until reaching the anode where they discharge through the detection circuit. In this case too, as in the case of the gas flow meter, the gain, at the end of the amplification chain, is about 10 6 .
XRF spectrometers are almost always equipped with two counters: the flow gas and the scintillator, in order to improve the instrumentation versatility. As a matter of fact, gas flow meters are particularly efficient in the range of high wavelength values (ionization of a gas), while scintillators are particularly efficient in the range of short wavelength values (ionization of solid matter). However, there is a wavelength range (between about 0.75 and 2 Å) in which the gas flow meter has already lost much of its efficiency while the scintillator has not yet reached its maximum efficiency (Figure 7) . Unfortunately, in this wavelength range, the Kα radiations of many elements are commonly measured (Mn, Fe, Co, Ni, and so on), whose atomic numbers range from 25 to 40.
This lack of efficiency has been overcome equipping the flow gas meter with an exit window for the radiations that have not lost their energy in the ionization process; these radiations are collimated onto the scintillator (normally located behind the flow gas meter outlet window) and the instrumentation provides the sum of the pulses recorded by both meters.
It is convenient to exclude the gas flow meter at very short wavelengths and the scintillator at very high ones because their limited efficiency would lead to increase the background noise due to the electronic of amplification circuits.
In state-of-the-art spectrometers, gas-sealed meters, such as the Neon, Krypton and Xenon detectors, coupled with traditional gas flow and scintillation counters, fully cover the detection of the whole spectrum of X-ray emission of a sample.
It is worth pointing out that normally the X-ray tube, sample, diffracting crystal and counter (surely the flow gas) of a WD spectrometer are contained in a chamber in which a vacuum is made of about 2 Pa in order to prevent the X-rays of the light elements from being absorbed by the air.
Measurement modalities
The XRF chemical analyses are part of the so-called "indirect methods" according to which the concentration of a given chemical element is calculated starting from the measurement of an appropriate physical quantity, whose intensity is proportional to the concentration of the chemical element itself.
In XRF analyses, the intensity that is measured is that of a characteristic X-ray lines (Kα, Kβ, Lα … ) emitted by the chemical element contained in a sample irradiated by primary X-rays. This intensity depends, firstly, on the number of atoms of that chemical element interacting with X-rays. In other words, quantitative analysis in XRF is based on a simple equation like:
where C is the concentration of the element of interest, I the X-ray intensity, m a proportionality coefficient.
Unfortunately, the proportionality coefficient is not always simple to determine because, except for the infinite dilution technique, it varies with the matrix of the investigated sample: approaches are needed, such as the mathematical matrix correction procedures, to obtain a reliable value of the element concentration from the X-ray intensity measurement.
Qualitative ED analyses
X-ray energy dispersive analysis is one of the most efficient techniques as to qualitative analysis, in that in a few seconds, about 50, the whole spectrum of emission in energy of the sample can be obtained (Figure 8 ). Element recognition is attempted using the appropriate tables of conversion from energy to chemical element: today, specific software are available for an automatic indexing of the peaks of the ED spectrum. Figure 8 : ED spectrum of a rare earth rich mineral (an allanitic epidote); the strobe is the reference peak of the system for zero energy. Note the strong overlap of the L lines of light rare earth elements (La, Ce, Nd): in cases like this, it is very difficult to state the presence of an element if it is in low concentration and there are strong overlaps of X-ray lines of contiguous elements. In the enlarged detail, in blue color, the WD spectrum of the same mineral (collected with a LiF 200 diffracting crystal in the 4.55-7.25 keV range): it is very clear the higher spectral resolution of a wavelength dispersive scansion.
It is important, in order not to make rough errors, to keep in mind the intensity ratios between the various lines as well as the occurrence that L lines of heavy elements can overlap completely or partially with K lines of lighter elements. As an example, the case of the xenotime (YPO 4 ) can be cited, for which the L lines of yttrium overlap the K lines of phosphorus giving spectrally a single peak. However, it must be underlined that strong asymmetries in the detected peaks, can suggest the overlap of several spectral lines.
Quantitative ED analyses
Quantitative ED XRF analyses consider the simultaneous acquisition of the whole sample emission spectrum in a well-defined time interval. Analysis is based either on the peak height or on the peak area measurement. This step is not so simple and implies, preliminarily, processing of the spectrum and background subtraction: today, data treatment software are provided by instruments manufacturers, to convert X-ray intensities into elemental concentrations.
The calibration of the instrumentation can be performed by recording the spectra of pure compounds or standards with a known concentration; alternatively, "standardless" calibrations are provided by most of the manufacturers of the instrumentation.
Some new ED spectrometers can mount polycapillary lenses which exploit the phenomenon of total reflection for focusing X-rays on a very small area (down to about 10 μm); polycapillary lenses allow to obtain chemical analyses of very little areas of the sample, with a detectability that can reach the tens of parts per million, and permits to achieve high performance with low-powered X-ray tubes as the portable ones. Moreover, polycapillary lenses coupled with software controlled moving sample holder or spectrometer give the possibility of acquiring, through X-ray maps, the elemental distribution of the sample surface.
Qualitative WD analyses
Qualitative WD-XRF analyses can be performed using more than one diffracting crystal ( Figure 6 ); the energy is generally accomplished, first using the smaller 2d crystals and then the larger 2d ones.
At the same two detectors (flow counter + scintillator) are generally employed in order to read X-rays both at low and high energy ( Figure 6 ).
For each diffracting crystal, there are conversion tables from 2θ to λ which allow to index the various peaks relative to the elements contained in the sample. During the interpretation of a wavelength dispersive X-ray spectrum, however, analyst should keep in mind that, due to the Bragg's law (2d sinθ = nλ), at the same 2θ angle both a first order Kα line of a light element (λ = x ed n = 1) and second order Kα line of a heavier element (λ = x/2 ed n = 2) can be detected.
Quantitative WD analyses
Quantitative WD-XRF analysis involves the extremely accurate measurement of the intensity of characteristic lines of the chemical elements that are present in the sample from which the relative elemental concentrations may be calculated.
With regard to each chemical element to be dosed, the following operations must be carried out:
1. select the highest intensity characteristic lines of the elements;
2. set the most appropriate instrumental conditions for the excitation and detection of the radiation under examination, that is: the anode of the X-ray tube, the type of diffracting crystal, the type of collimator and the type of detector;
3. experimentally measure the 2θ angle corresponding to the maximum intensity of the analytical line. It should be noted that the experimental value may be slightly different from the theoretical value, as a function of the positioning accuracy of the collimators and the diffracting crystals, as well as the real 2d values of the diffracting crystal, especially for multilayer ones;
4. set the detector on correct 2θ angle and select a proper measurement time, both on the peak and on the background to collect a number of impulses sufficient to minimize counting errors. The optimal fixed time can be selected by calculating the relative standard deviation (σ), which is given by:
√peak − √background σ will be the smaller, the longer is the time interval of counting and/or the higher is the net intensity of the peak. Moreover, during an X-ray acquisition, the statistic error ε depends from the total counts C collected:
The intensity of the continuous background should be subtracted in order to get the net peak intensity, however, even under the same instrumental conditions, it varies with the variation of the wavelength under examination, and so with the variation of the 2θ angle, and with the variation of the sample matrix. In particular, if the value of the bremsstrahlung is practically constant in a small interval around the peak, it is sufficient to measure only one point of the background in the immediate vicinity of the peak itself. On the other hand, if the bremsstrahlung, even if expressed by a linear function, shows a marked intensity variation near the peak, it will be necessary to measure its values at two or more different points, around the peak position, and then use the mean, arithmetic or weighted as appropriate, as a reference value of the 2θ background angle.
In some cases, when the background cannot be expressed through a linear function, the representative equation of the whole curve of the bremsstrahlung must be experimentally determined, so that its intensity can be calculated for each value of the 2θ angle involved in the analytical measurements. This is, for example, the case of the background for some elements such as Rb, Sr, Y, Zr, Nb (Figure 9 ). The curve that best fits background is an exponential function of the type: I B = e −a +b Figure 9 : Plot of two WD-XRF scan between 27 and 40 2θ degrees (about the frequency range from 0,067 to 0.097 nm) of the X-ray emitted by two different obsidian samples, one bigger (X-ray scan in blue) and one smaller (X-ray scan in red); analytical conditions were: Rhodium X-ray tube set at 60 kV and 66 mA, LiF 220 diffracting crystal and scintillator detector. In black are reported the 2θ degree of the Kα trace element emission and in green the 6 angular positions for background sampling. The gross counts per second measured on the peak position of the trace elements and their relevant net counts (background and interference free) are also reported for the bigger obsidian (in blue) and for the smaller one (in red). In pink is indicated the contribution of the interfering line to the measured peak (YKβ 1,3 on NbKα 1,2 , SrKβ 1,3 on ZrKα 1,2 and RbKβ 1,3 on YKα 1,2 ), as calculated for the specific WD spectrometer spectra obtained by Pasquale Acquafredda (Dipartimento di Scienze della Terra e Geoambientali, University of Bari, Italy).
where I B is the intensity of the background, λ the wavelength of the background, a and b two constants that depend on the instrumental conditions and the composition of the matrix [19] . The two constants a and b must be determined experimentally by sampling more backgrounds around a determined λ and in any case the operation must be performed sample by sample: interpolating the bremsstrahlung data, the intensity of the background can be calculated exactly at the peak position of each emitting element. Once the net peak intensities of the chemical elements constituting the sample have been measured with extreme precision after background subtraction, various analytical procedures for the determination of the concentrations can be used; among these procedures, those most widely used are: Standard Addition, Linear Regression, Infinite Dilution and Mathematical Matrix Correction.
Standard addition procedure
The standard addition procedure consists in adding to the sample a known quantity of the element to be determined; the sample "as it is" and those with the various additions are submitted to the XRF analysis. In this way, you will have three or more equations, depending on the number of additions; for two additions:
= ⋅ for the original sample, ( + 1 ) = ⋅ ′ for the sample with the first addition, ( + 2 ) = ⋅ ″ for the sample with the second addition. C x , C n1 and C n2 are respectively the unknown and known concentration of the element to be measured; I, I' and I'' are the collected intensities; m is the coefficient of proportionality (angular coefficient of the straight line) that is supposed to be the same in the analyzed specimens.
The algebraic resolution of the equations or the graphical one (the unknown concentration is read as negative value on the abscissas; Figure 10 ) allow to obtain the unknown concentration of the element to be determined. This procedure is valid only when the proportionality coefficient m can be considered actually the same in the original sample and in the one to which the addition was made: in practice, it can be used for measuring trace elements (contained in concentrations lower than 0, 1 %), or at most for minor elements (contained in concentrations between 0.1 and 1 %), where the addition does not substantially modify the composition of the matrix.
A handicap of the procedure lies in the necessity of add the element to be measured to all the samples to be analyzed compromising in part their reuse as original samples, apart from the risk of introducing errors (and contamination) in this preliminary manipulation phase.
Linear regression procedure
The linear regression procedure involves the use of numerous certified standards. The XRF intensities of the Xray spectral lines of the certified elements are measured; is necessary to group samples with a matrix as similar as possible and at the same time containing a given element in concentration as varied as possible.
The XRF intensities of each element are plotted against its concentration in each standard and the regression straight line is plotted for the considered standard population: for each element, more regression straight line will be obtained depending on the family of matrices in which the element itself is contained (Figure 10) .
To know the concentration of an element in an unknown sample it will be sufficient to read the intensity of its characteristic X-ray line and, using one of the experimentally obtained regression straight lines, calculate the corresponding concentration: take care to use only the linear interpolation (continuous green line in Figure 10 ) and not the extrapolation parts (broken green line in Figure 10 ) of the straight lines.
It is evident that the concentration value obtained will depend on the group of standards with which the regression straight line has been calculated: the more these will have a matrix similar to that of the sample to be analyzed, the more accurate the determinations will be.
This procedure, to be reliable requires many certified standards and, above all, implies a fairly knowledge of the chemical composition, i. e. of the matrix, of the sample to be analyzed.
Infinite dilution procedure
The infinite dilution procedure consists in diluting the sample in a very light matrix so that the constituent atoms do not interfere significantly with each other when they emit X-rays. Lithium metaborate (LiBO 2 ) or tetraborate (Li 2 B 4 O 7 ) are usually used as dispersing agent; both these compounds also have the advantage of lowering the melting point of the powder sample (between 1,000 and 1,200 °C), when glassy disc (glass bead) of the sample have to be prepared (Figure 11 (g) and Figure 11(h) ). Experimental data indicate that an infinite degree of dilution is reached for a sample/diluent ratio of about 1:18 [20] ; in these dilution conditions the matrix of a standard with known concentration can be considered identical to that of an unknown sample. This analytical method, if on the one hand eliminates both the problems related to the matrix and those related to the granulometry and mineralogy of the samples, on the other hand it is not recommended to measure the trace elements, contained in concentrations of parts per million, due to the considerable dilution of the sample. It is instead perfectly efficient for the determination of major elements (concentrations > 1 wt. %) and minor elements (concentrations between 0.1 and 1 wt. %). Preparation of a powdered pellet samples using an aluminum holder (a): the bottom of the aluminum cup can be filled with boric acid (b), in order to be sure to have reached the infinite thickness (the sample has infinite thickness when the X-rays do not reach the bottom of the specimen); the dust filled aluminum holded (c) is then compacted with an hydraulic press (right image), to obtain discs with a perfectly flat surface. The binder of the powder may be polyvinyl alcohol (d), elvacite (e) or beeswax (f). The different color of the three powdered pellets does not depend on the type of binder but indicates a different composition of the samples. In some cases, it may be useful to melt the sample, thus obtaining a homogeneous glass disc (glass bead) (g) avoiding air bubbles formation (h).
Mathematical matrix correction procedures
The mathematical matrix correction procedures involve calculating the concentration of an element taking into account all the absorption and/or reinforcement effects that contiguous elements present in the sample can produce. One of the mathematical formula that make it possible to transform the XRF intensities of the major elements into concentrations is:
where C i are the concentrations of the sample elements, N the number of the elements, I i the intensity of the measured characteristic X-ray line, K i,J the coefficients that take into account the matrix effects, and C J the apparent concentrations before the matrix correction. The values of the K i,J coefficients were calculated experimentally measuring the X-ray intensities on numerous international certified standards [21] . In a very simple way, it can be said that the concentration of each of the major elements (C i ) depends on its X-ray line intensity (I i ) taking into account the matrix in which it is contained (∑ , ).
For more details on how to apply this analytical method, both to the major elements and to the trace elements, refer to the specific paper in which the procedure is described [19, 21] .
Sample preparation
The necessity to carry out absolutely non-destructive analyses, as in the field of Cultural Heritage, must favor the use of ED spectrometers because measurements are less affected by errors induced by an irregular geometry of the sample surface [1, 22, 23] , though with a less reproducible and less accurate data.
When sampling is allowed, WD spectrometers can be used which allow high accuracy and precision in the analysis; this is generally the case of investigations on ceramic fragments or lithic artifacts where is possible to pick-up a part of the sample without compromising the aesthetics of the sample itself ( Figure 12 ). Coring of an archeological sample using a microdriller with the edge enriched in diamond powder; the driller is cooled with water and mounted on a column drilling machine. The hole was performed on the less important surface of the artifact, the one not to be placed in view during its musealization. The hole generated by coring can be filled with inert and non-hygroscopic material and closed with a little portion of the cored sample itself. A paint stroke and the inventory number completely mask the pick-up point of the specimen.
When WD-XRF analysis is performed on powdered samples, it must be ensured that the specimen is very well grinded, because the sample granulometry influences the distribution of full and empty spaces and so the emission efficiency: on decreasing the grain size, the empty spaces decrease and therefore the number of atoms which interact with the incident radiation increases. Better results can be obtained by compacting the sample with a hydraulic press in order to reduce, as much as possible, the presence of empty spaces (Figure 11) .
Furthermore, for the preparation of powdered samples it is also necessary to consider the mineralogical nature of the specimen: if sheet silicates (micas, clay minerals, and so on) are present, whose lamellar structure favors their iso-orientation, the chemical elements present in their structure generally show a concentration higher than the actual one; as a consequence, the concentration of the elements present in the other mineralogical components, is masked by the shielding effect consequent to the iso-orientation of the phyllosilicates.
In other cases, in which absolutely non-destructive analysis are needed (consider that LA-ICP MS produces little crater pits in the sample and EPMA requires that at least a very little part of the specimen is flatted), like those for obsidian provenance investigation, analyses can be performed without any manipulation using a plexiglass sample holder or using a very thin sheet of Mylar ( Figure 13 ) which suspends the artifact on the X-ray beam pathway [1] . figure) ; the plexiglas boxes were built with different diameter holes through which the more regular surface of the artifacts can be exposed to the spectrometer X-ray source. On the right the WD-XRF sample holder closed at the bottom with a very thin Mylar© polyester film on which a little obsidian specimen is placed, as suspended in the air.
Suppletive informations about measurements, calibration modalities and sample preparations regarding X-ray spectrometers can be found in other specific books [14, 24] .
Case studies
The use of XRF stectrometers in the field of Cultural Heritage varies from the analysis of rocks to that of ceramics, from binders (cement, mortar, etc.), to pigments, from natural and artificial glass, to metals and alloys, to minerals, to products of alteration, and so on.
ED and WD X-ray spectrometers can be either individual and autonomous apparatus (both bench and portable instruments) or can be coupled with other instruments like Scanning and Transmission Electron Microscopes (SEM and TEM) or EPMA.
Until the end of the last century, the WD spectrometers were used in very reliable laboratories for bulk chemical analyses or for high quality microanalyses if mounted on SEM or EPMA and the ED spectrometers were essentially dedicated to qualitative analyses.
In the last few years, in addition to the cumbersome and expensive laboratory instruments, which normally involve complex calibrations, the use of economic instrumentation, easily transportable, able to give good results in extremely short times, is becoming increasingly widespread. This the reason why the archeometric use of ED X-ray spectrometers [2] [3] [4] [5] [6] [7] [8] [9] [10] , that is portable X-ray Fluorescence (pXRF) [10] , Field-portable X-ray Fluorescence (FpXRF) and Hand Held portable X-ray Fluorescence (HHpXRF) [7] , and especially the apparatus equipped with the new SDDs, has offered new potential for very rapid and cheap characterization of archeomaterials.
Very often portable X-ray spectrometers operate in the air, so they allow the intermediate and heavy elements to be detected; light elements up to magnesium or even up to fluorine, can be measured if the instruments operate under helium flow or are equipped with a small vacuum chamber.
Particularly useful have been the employment of the ED detectors for the diffusion of the portable spectrometers offering new possibilities for in situ and very rapid archeomaterial characterizations. Moreover these ED portable equipments are furnished with a software that allows to get easily and quickly elemental composition of the specimen, often with a standardless routine analysis though an accurate check of the results is necessary using very good (and, unfortunately, very expensive) reference standards.
As to portable ED XRF instruments, however, in agreement with Framm [11] a general warning should be given, they are particularly useful in the training of students [4] and are very precious for an initial survey and sorting artifacts, but they cannot replace and compete in performances with bench instruments [12, [25] [26] [27] . It is also true, on the other hand, that accurate quantitative analysis on many kinds of samples, including lithic archeomaterials [23, 28, 29] and pigments [30] , have been performed with ED XRF detectors (coupled with SEM), in many cases with results comparable with other analytical techniques such as LA-ICP MS [31] .
In the following, some examples of archeometric investigations carried out on completely different materials with ED or WD spectrometers are reported: the choice of the detector is mainly conditioned by the possibility to perform minimally invasive analyses and by the sample isotropy.
Ceramics
WD-XRF chemical analyses of powdered ceramic fragments, supported also by other investigation techniques, like optical microscopy and powder X-ray diffraction, give very useful information about the sedimentary rocks source, the manufacturing techniques and the eventual purification process of the raw materials [32, 33] .
Quantitative image analysis of ceramic thin sections through petrographic investigation gives information concerning the additives (temper) and natural inclusions (silt and sand) in the ancient ceramic production. In addition to traditional optical microscopic identification of mineral inclusions, the acquisition of ED X-ray maps of ceramic thin sections allows to evaluate the quantity of quartz, feldspars and calcite in the artifacts; the technique, in combination with algorithms for detecting regions of interest and their segmentation, provides also the size distribution of the minerals [31] . Recent research on two Late Acacus (Mesolithic) potsherds (8,900-4,200 BP) demonstrated that the acquisition of ED X-ray maps on ceramic thin sections improves the accuracy of modal optical microscope analysis [34] .
Necklaces
Here is reported the case concerning the chemical ED-XRF analyses carried out on a necklace to ascertain its authenticity ( Figure 14) . In this specific case, the analysis of the beads composition (artificial sodium glass), together with the analysis of the chain metal (24 carats pure gold), initially suggested that the necklace could be a jewel of Roman age. The ED chemical analyses, performed directly on the natural surface of the artifact, were repeated at least three times and the mean and standard deviation were calculated (Figure 14) . Finally the optical stereomicroscope analysis, carried out by a goldsmith, highlighted the presence of cutting signs typical of modern tools, definitively excluding the assignment of the necklace to Roman age. Necklace with glass beads and gold chain; in green the EDS spectrum of one bead and in orange that of the gold, which turns out to be pure; on the right the ED analysis (values in wt%) of one of the glass bead, repeated three times to calculate mean and standard deviation values.
Coins
The study of the X-ray maps on coins, is of great value not only to the historians and archeologists but also to numismatists, economists, and conservators because their chemical composition may offer valuable information regarding their manufacturing technology, age, minting places and authenticity.
It is necessary to analyze the artifacts using non-destructive techniques like ED spectrometry that allows to obtain X-ray maps of the elemental distribution. The case study here reported concerns the characterization of a "sestino" coin, dated back to a period between the second half of the fifteenth and sixteenth centuries, of the fortified settlement of Rocca Montis Dragonis located in Campania region (Italy). Analysis performed with an ED silicon drift detector (Figure 15 ), highlighted the presence of copper as the main element. The presence, on the surface, of calcium and silicium and of oxidation compounds is certainly linked to the interaction of the sample with the soil [35] . 
Obsidians artifacts
In ancient times, obsidian rocks were essentially used for manufacturing cutting and ornamental tools. An accurate knowledge of obsidian artifacts sourcing area can provide important information on cultural, social and economic relationships between peoples as well as on trade routes in prehistoric times.
The obsidian artifacts provenance can be determined with minimally destructive or non-destructive techniques such as XRF energy dispersive spectrometers [2, 7] , using peak intensity ratios of various elements [1, 36, 37] , EPMA [38] , scanning electron microscopy coupled with energy dispersive spectrometer microanalysis [23, 28] , and laser ablation inductively coupled plasma-mass spectrometry [39] ; in the last 30 years, our research group developed absolutely non-destructive analytical methods to solve sourcing recognition of obsidian artifacts.
Obsidians are rocks essentially constituted by glass with a few quantity of microphenocrysts. Nondestructive chemical analysis on the specimen can be made either on the whole sample or on the glass portion or microphenocrysts. Due to the non-regular surface of the obsidians, the use of the ED detectors is preferred [1, 22] .
The very similar composition of obsidians makes difficult the distinction of the source areas on the basis of major elements WD-XRF determination on the whole rock ( Figure 16) ; on the contrary, very useful indications can be obtained if trace elements are determined [28] . Alternatively, the composition of the glass can be determined with ED spectrometers coupled with scanning electron microscope [28] or equipped with polycapillary lens that focus the X-ray beam on a very small area (about 10 μm) of the sample. In some cases it is possible to identify not only the obsidian source areas but also their sub-sources by analyzing the microphenocrysts present in the glass [29] . To this purpose, the acquisition of X-ray maps of the surface of the sample can help, in a few minutes, to highlight presence and type of phenocrysts ( Figure 17 ). Lastly, the obsidian can be sourced by analyzing the whole sample (glass and microphenocrysts) by XRF in an absolutely non-destructive way, also using the peak intensity ratios of some trace elements [1, 36, 37] . This XRF analytical procedure is particularly useful when the surface of the artifact is slightly altered or covered by very thin carbonate film formed during burial [1, 29] : the obsidian is placed in a sample holder closed at the bottom by a very thin Mylar polyester film ( Figure 13 ). The Kα lines of trace elements, such as Rb, Sr, Y, Zr and Nb ( Figure 9 ) can be detected, which are practically not absorbed by the Mylar or the incrustant carbonate films thanks to their high frequency [1] . When the peak intensity ratios of some trace elements is used as sourcing technique (Figure 18 ) a special attention must be paid to a very accurate measurement of the net intensities of trace elements: they must be perfectly polished from the contribution of the background and from interelemental interferences [1] .
Other lithic artifacts
The data here presented concern artifacts acquired during an archological research campaign held in the Prehistoric site of Pertosa Auletta caves (Salerno, Southern Italy) in 2013. Among the numerous archeological finds, four querns realized with volcanic rocks were chosen: a minimally invasive technique was used to pick-up a representative quantity of the artifacts, coring them with a microdriller with the edge enriched in diamond powder ( Figure 12) .
A representative fragment of the drilled specimen was finely grinded and the powder was treated with elvacite (2,5 g of powder mixed with 1 cc of a 20 % elvacite solution in pure acetone) before to be placed in an aluminum cup with the bottom filled with boric acid. The powdered pellets, obtained compacting the aluminum cups with a hydraulic press, were analyzed by a WD-XRF stectrometer [41] . The chemical analyses, major and trace elements ( Figure 19 ) indicate two different provenance for the four volcanic querns: two of them are basanites and related to the volcanic activity of the Monte Vulture (Potenza, Southern Italy) and the other two samples are phonotephrites and related to the volcanic activity of the Somma-Vesuvius (Napoli, Southern Italy). Figure 18 : WD-XRF spectrometer (in the inset the sample holders) of the Dipartimento di Scienze della Terra e Geoambientali (University of Bari, Italy) used to measure the X-ray intensity ratios of some contiguous trace elements (the two plots of the figure) of geological samples from various obsidian sources and sub-sources of the Mediterranean basin; same symbols as in Figure 16 ([1, 40] , modified).
Figure 19:
On the left the plot of major elements (wt%) in the total alkali silica diagram and on the right two plots of trace elements (ppm) determined on volcanic artifacts (four querns) found in the Prehistoric site of Pertosa Auletta caves (Salerno, Southern Italy). The four artifacts were classified as basanites from Vulture, Potenza, Southern Italy (samples GdP L8 and GdP L11) and as phonotephrites from the Somma-Vesuvius, Napoli, Southern Italy (samples GdP L9 and GdP L10); reference data of volcanoes of Central and Southern Italy are also reported ( [41] , modified).
Conclusions
XRF technique, as energy dispersive or as wavelength dispersive spectrometry, is a very versatile analytical tool, able to provide chemical information, both qualitative and quantitative, on very different types of materials. It finds large application in the characterization of works of art: in the chapter, strength and weakness points are highlighted.
ED XRF analysis requires no sample preparation, is non-destructive and can be easily performed also with very low-cost and portable equipments, particularly useful for on-site analyses.
WD XRF technique can imply the destruction of part of the sample, however granting highly reproducible and reliable analyses of major and trace elements; when used to characterize the natural surface of an artifact, important archeometric issues can be addressed, such as provenance attributions, just relying on peak intensity ratios measurements of some trace elements.
Case studies are described which stress pros and cons of the technique in the investigations of artifacts and materials of interest in Cultural Heritage.
